We have designed a two-dimensional strain-tunable photonic band gap crystal by distorting the symmetry of the crystal from a regular hexagonal to a quasihexagonal lattice by means of field driven strain using a piezoelectric material. Calculations predict that the original high symmetry energy bands split up into several strained energy bands depending on the magnitude and direction of the strain. In the proposed structures, we show that 2% ͑3%͒ shear strain can be used to tune ϳ52% ͑73%͒ of the original undistorted absolute band gap of a two-dimensional photonic band gap crystal. These device structures can be used for optical switching and modulation. and experiments of Yablonovitch and Gmitter, 3 who successfully demonstrated photonic band gap crystals in the microwave region. A photonic crystal is composed of a periodic variation in space of dielectric permittivity or magnetic permeability, with which an external electromagnetic wave interacts. Tunable photonic band gap crystals in the optical regime are of interest today in light modulation for optical communications, display, and data storage applications. This involves controlling the band gap of the crystal at high speeds using an external driving force. Many ideas for tunable photonic band gaps have been proposed. The use of ferromagnetic materials to control magnetic permeability 4, 5 and the use of ferroelectrics to control dielectric permittivity 3 have potential for high response speeds, but provide very limited tunability of the band gap. The use of the plasmon frequency dependence on temperature in semiconductors results in large tunability of the band gap but at low responses speeds.
We have designed a two-dimensional strain-tunable photonic band gap crystal by distorting the symmetry of the crystal from a regular hexagonal to a quasihexagonal lattice by means of field driven strain using a piezoelectric material. Calculations predict that the original high symmetry energy bands split up into several strained energy bands depending on the magnitude and direction of the strain. In the proposed structures, we show that 2% ͑3%͒ shear strain can be used to tune ϳ52% ͑73%͒ of the original undistorted absolute band gap of a two-dimensional photonic band gap crystal. These device structures can be used for optical switching and modulation. and experiments of Yablonovitch and Gmitter, 3 who successfully demonstrated photonic band gap crystals in the microwave region. A photonic crystal is composed of a periodic variation in space of dielectric permittivity or magnetic permeability, with which an external electromagnetic wave interacts. Tunable photonic band gap crystals in the optical regime are of interest today in light modulation for optical communications, display, and data storage applications. This involves controlling the band gap of the crystal at high speeds using an external driving force. Many ideas for tunable photonic band gaps have been proposed. The use of ferromagnetic materials to control magnetic permeability 4, 5 and the use of ferroelectrics to control dielectric permittivity 3 have potential for high response speeds, but provide very limited tunability of the band gap. The use of the plasmon frequency dependence on temperature in semiconductors results in large tunability of the band gap but at low responses speeds. 6 Ideally, one would like to maximize both the magnitude of band gap tunability, and the response speeds for optical switching and modulation applications.
We propose the concept of a strain-tunable photonic crystal in which the symmetry of the photonic crystal is changed by applying a precisely controlled shear strain to the crystal. We show here that by applying ϳ3% shear strain to a photonic crystal with hexagonal symmetry, we can exclude 73% of original undistorted absolute band gap regime by shifting absolute band gap to lower frequency regimes. We will call this excluded band gap regime as the tunable band gap regime. Depending on the applied shear strain, the tunable regime can be included or excluded within the band gap of the structure. A small piezoelectric structure driven at resonance such as the one proposed can operate at speeds approaching megahertz. The proposed photonic crystal is depicted in Fig. 1 . It is composed of a two-dimensional hexagonal array of vertical columns with dielectric constant a and a matrix medium of dielectric constant b . The locations of the columns in the x-y plane can be described by the vector
where l 1 and l 2 are integers, and a 1 and a 2 are lattice vectors of a distorted quasihexagonal lattice as shown. The column or matrix materials are assumed to be optically transparent in the wavelength region of interest. In this letter, we have modeled the column/matrix structure for two cases: Si/air ( a : b ϻ11.56:1) and air/Si ( a : b ϻ1:11.56). These structures were chosen since silicon has a high dielectric constant and is transparent in the infrared wavelengths of 1. 8 magnetoelastic martensitic transformation in Fe-Ni-Ti-Co shape memory alloys which yields ϳ0.5% strain at a magnetic field of 3.2 MA/m. 9 A strain is applied such that the hexagonal lattice deforms to the quasihexagonal lattice as depicted in Fig. 1 . In this geometry, the shear strains can be generated in the hexagonal lattice by creating the corresponding strain in the substrate. The electric field in a piezoelectric crystal is applied only to the base, across two of its edges.
Plane wave methods [10] [11] [12] [13] [14] were used to calculate the energy band diagram for this structure. The fill factor f is defined as the ratio of the volume of the columns to the volume of the matrix medium. The band structure of the photonic crystal depends on the lattice parameters a 1 and a 2 of the quasihexagonal array, the angle between the lattice vectors a 1 and a 2 as determined by the strain, the dielectric constants a and b , and the fill factor f . Electromagnetic waves propagating with wave vector k in the x -y plane are considered. Two polarizations were considered: The TE mode where magnetic field vector is parallel to columns, and the TM where the electric field vector is parallel to the column direction. The energy band structure was calculated by numerically implementing the plane-wave method described in Ref. 13 through a computer code written in MATLAB. Figure 2 shows the energy band diagrams in the first brillouin zone for the unstrained hexagonal ͑connected circles͒ and strained pseudohexagonal ͑solid lines͒ lattices in a photonic crystal with air columns in a silicon matrix ͑ b / a ϭ11.65; f ϭ0.72͒. The energy Eϭប is normalized by the energy parameter E 0 ϭhc/a, where a is the lattice parameter of the original hexagonal lattice ͑without strain͒ and c is the velocity of light in free space. The energy gap that is common to both TE and TM mode polarizations is called the absolute band gap. Each of the TE and TM modes exhibit an absolute photonic band gap region. The energy band gap indicated by the solid and the broken horizontal lines are the absolute band gaps of the original hexagonal lattice ͑without any strain͒ and that of a lattice with 3% shear strain, respectively. The original hexagonal lattice has three high symmetry directions with wave vectors k from ⌫ to J, ⌫ to X, J to X directions. If this hexagonal symmetry is distorted, those three high symmetry directions are divided into several directions in the reciprocal space as shown in the inset. In the low energy regime, band distortion is very weak. As frequency increases, the energy band distortion increases. The interaction between light and the dielectric structure is usually stronger in the high frequency, because shorter wavelengths are more sensitive to small displacements in the lattice. The air holes in a silicon film can have an absolute band gap, ⌬E g ϭ0.056E 0 . Figure 3͑a͒ shows that the magnitude of the tunable band gap is 0.029E 0 ͑52% of ⌬E g ͒ with a 2% strain, and 0.041E 0 ͑73% of ⌬E g ͒ with a 3% shear strain. When the lattice constant a lies in the range of 0.68-0.74 m, the infrared wavelength of 1.55 m is located inside the energy band of 0.438E 0 -0.478E 0 , which can be included or excluded in the band gap regime using strain. These length scale features can be fabricated by using standard silicon lithographic processes. This structure requires distortion of a silicon matrix with air holes. Though silicon is stiff, this structure will likely work because the fill factor is large ( f ϭ0.7), making it very porous, and since the displacements due to strain are small ͑order of 10 nm per unit lattice͒.
Instead of air columns, the photonic crystal can also be composed of Si columns in an air matrix ͑ a / b ϭ11.56,f ϭ0.4͒. The strain induced changes in the energy band gap, ⌬E g , for the TE and the TM modes are given in Figs. 3͑b͒  and 3͑c͒ , respectively. The figures indicate that the indi- vidual TE and TM modes will indeed have energy band gaps, which can be completely tunable regimes with up to 2% shear strains. Figures 3͑b͒ and 3͑c͒ show that the original TE band gap is 0.025E 0 . Of this, 0.015E 0 ͑60%͒ is the tunable regimes with a 1% strain. Similarly, 0.061E 0 ͑77%͒ of the original TM band gap of 0.079E 0 is tunable with a 2% strain. An optical switch can be made with this geometry. However, the energy band gaps for the two polarizations do not overlap, and hence, an absolute band gap does not exist. The device operation will therefore be polarization dependent. However, an absolute band gap is possible in more complex symmetry structures with two different diameter rods as basis in a unit cell of a two-dimensional lattice, 15 thus reducing the lattice symmetry points where band degeneracy exists. These two dimensional photonic device concepts can also be extended to three-dimensional lattices.
In conclusion, we have proposed photonic crystal structures whose band gap can be tuned by as much as 52%-73%, respectively, with 2%-3% of shear strain, applied through a piezoelectric substrate. Since small resonant piezoelectric structures can operate at frequencies approaching megahertz, these photonic crystals can be useful for optical switching and modulation.
